Purpose: To examine the association between interpregnancy interval (IPI) and gestational diabetes using both within-mother and between-mother comparisons. Methods: A retrospective cohort study of 103,909 women who delivered three or more consecutive singleton births (n ¼ 358,046) between 1 January 1980 and 31 December 2015 in Western Australia. The association between IPI and gestational diabetes was estimated using conditional logistic regression, matching pregnancies to the same mother and adjusted for factors that vary within-mother across pregnancies. For comparison with previous studies, we also applied unmatched logistic regression (between-mother analysis). Results: The conventional between-mother analysis resulted in adjusted odds ratios (aOR) of 1.13 (95% CI, 1.06e1.21) for intervals of 24e59 months and 1.51 (95% CI, 1.33e1.70) for intervals of 120 or more months, compared with IPI of 18e23 months. In addition, short IPIs were associated with lower odds of gestational diabetes with (aOR: 0.89; 95% CI, 0.82e0.97) for 6e11 months and (aOR: 0.92; 95% CI, 0.85 e0.99) for 12e17-month. In comparison, the adjusted within-mother matched analyses showed no statistically significant association between IPIs and gestational diabetes. All effect estimates were attenuated using the within-mother matched model. Conclusion: Our findings do not support the hypothesis that short IPI (<6 months) increases the risk of gestational diabetes and suggest that observed associations in previous research might be attributable to confounders that vary between mothers.
Introduction
Gestational diabetes is one of the major pregnancy complications that affect 6%e13% of pregnancies worldwide [1] . Pregnancies complicated by gestational diabetes have an increased risk of caesarean section, high blood pressure and greater risk of perinatal complications including perinatal death [2e5] .
The length of time between previous delivery and subsequent conception (interpregnancy interval [IPI]) has been extensively evaluated with respect to its association with birth outcomes [6e9]. However, there is relatively less research on its association with pregnancy complications.
It has previously been observed that both short and long IPIs increase the risk of gestational diabetes [10e14]. However, inference was limited due to small sample sizes, reliance on hospitalbased cohorts, insufficient control for important confounders (e.g., socio-economic status [SES] ) and biased IPI length measurements, such as the use of birth-to-birth intervals or birth-tooutcome intervals instead of birth to conception.
The World Health Organization (WHO) and the American College of Obstetricians and Gynecologists recommend that women should wait at least two years, and at least 18 months after live birth before commencing their next pregnancy, respectively [15, 16] . However, the suitability of these recommendations for mothers in high-income countries is uncertain as the recommendations emanate from studies from low-income and middle-income settings conducted prior to the early 2000's.
Several hypotheses have been postulated, including the "maternal depletion" and "physiologic regression" hypotheses [8, 17, 18] ; however, a causal effect of IPI on pregnancy complications has not yet been elucidated. Recently, researchers have posited that the association between IPI and increased risk of adverse perinatal outcomes might be attributed to confounding factors ("systematic bias" hypothesis) [9, 14, 19] . It remains plausible that the previously reported associations between IPI and gestational diabetes may be explained by risk factors that tend to persist within-mothers across pregnancies and potentially vary greatly between mothers [9, 14] . Complementary within-mother matched analyses offer an opportunity to account for within-mother effects.
This study aimed to examine the association between IPI and gestational diabetes employing both matched pregnancies within the same mother and unmatched between-mother comparisons in a high-income setting.
Materials and methods

Data source and study population
We conducted a retrospective cohort study using matched and unmatched approaches to examine the association between IPI and risk of gestational diabetes for all mothers who gave birth between January 1st, 1980, and December 31st, 2015 in Western Australia (WA). We sourced maternal, infant and birth information from the Midwives Notification System (MNS), a population-wide registry of all births (>99%) with at least 20 weeks' gestation or with birthweight >400 grams if the gestational length is unknown [20] . Hospitalization records were identified from Hospital Morbidity Data Collection (HMDC), which includes information on all hospitalizations in the state, with the Australian Modification of International Classification of Diseases (ICD-10-AM) coded diagnostic information and procedures performed [21] . Ethics approval was obtained from the Human Research Ethics Committee (2016/51) of the Department of Health, WA.
Our analyses included all mothers with at least three consecutive singleton births (at least two IPIs) at 20e44 weeks of gestation in WA within the study period. Of the original total of 487,297 mothers who gave birth in the study period, we sequentially excluded mothers who delivered multiples (n ¼ 4381); mothers who delivered only once during the study period (n ¼ 189,269); and mothers for whom parity as recorded in the birth record was discordant with the order of the birth dates of her children (n ¼ 5902). These exclusions resulted in a sample of 287,745 mothers with 2 consecutive births eligible for analysis ( Fig. 1 ). We further excluded mothers who had missing information (e.g., gestational age, SES, maternal age, negative IPI) for one or more pregnancies (n ¼ 7109). Finally, we excluded mothers with fewer than two intervals (n ¼ 176,727), leaving 103,909 mothers included in the final analyses.
Measures
Outcome assessment
The outcome of interest, gestational diabetes was ascertained from the MNS notifications and hospital separation codes consistent with gestational diabetes (ICD-9-AM: 648.8, ICD-10-AM: O24.4).
Exposure
The exposure, IPI, was defined as the length of time between delivery date of the previous pregnancy and the estimated conception date of the subsequent pregnancy (date of birth minus gestational age at birth). Gestational age at birth was based on dating ultrasounds, or last menstrual period when ultrasound was not available. We used IPI as a categorical variable, grouped into seven categories (<6 months, 6e11 months, 12e17 months, 18e23 months (reference), 24e59 months, 60e119 months, or 120 or more months), which is consistent with WHO recommendations and categories used in past studies [9, 14, 22] .
Independent variables
For the within-mother matched analyses, we adjusted for factors that can vary between births to the same mother. Specifically, we adjusted for maternal age at time of each delivery (categorical variable: 14e19, 20e24, 25e29, 30e34, 35e39, or 40 years or older), parity, birth year (continuous), SES, infant sex, marital status, history of obesity, known pre-existing hypertension and gestational hypertension. SES was derived by the Australian Bureau of Statistics as the Socio-Economic Index of Areas -Index of Relative Socio-economic Disadvantage at a geographic area for the maternal residence at the time of birth [23] , which we categorized into quintiles.
Statistical analysis
We summarized the socio-demographic and medical conditions of the cohort at their first pregnancy during the study period. Conditional logistic regression (accounting for matching pregnancies to the same mother) was used to estimate odds of gestational diabetes as a function of IPI categories, comparing pregnancies withinmothers. Under this approach, effect estimates also controlled for unmeasured characteristics that remained stable or strongly correlated over time for mothers throughout their consecutive pregnancies. This enables inference that is based purely on withinmother effects [7, 9, 14] . To estimate the total effect of IPI, we repeated our matched analyses without adjustment for maternal age at time of each delivery and birth year. In the absence of residual time-varying confounding or selection bias, we would expect similar effects of IPI on gestational diabetes in both between-mother and within-mother comparisons. It is plausible that if unmeasured persistent confounders exist, the unconditional logistic regression may result in biased estimates [9] . For comparison with previous unmatched studies, we also applied unmatched logistic regression that additionally adjusted for measured covariates that vary between mothers, such as race/ethnicity. To minimize multicollinearity between time-varying covariates (such as maternal age at time of each delivery and birth year), our within-mother matched model was adjusted for a prognostic score defined as the logit of the probability of the outcome regressed on the adjustment variables from an unmatched model. This results in estimation of the direct effect of IPI and allows the whole cohort to contribute to the adjustment for the underlying risk of the outcome [24] .
Supplementary analysis
We further estimated the association of gestational diabetes with post-birth IPI. In the absence of confounding factors, gestational diabetes should not be associated with the IPI that follows this birth. An observed association between gestational diabetes and this post-birth IPI indicates the presence of factors in a mother influencing both the risk of gestational diabetes and the IPI, potentially leading to bias estimates. Thus, the post-birth IPI serves as a "negative control" exposure that estimates the effect of mother-level confounding [19, 25, 26] .
Sensitivity analysis
To ascertain the sensitivity of our results to higher-order parity, and inclusion of stillbirths, we conducted separate analyses restricted to the first three births for all mothers with births at parity 0, 1, and 2, and to mothers with at least three consecutive live births, respectively. To explore if our results are sensitive to the time period of the cohort, we restricted our further analyses to consecutive births after first of September 1997, after which smoking status and pre-existing chronic conditions were routinely recorded and ultrasound scans were more common (Appendix Table 2 , Model 2aec). Finally, we included a sensitivity analyses restricted to mothers who had no gestational diabetes in their first pregnancy, to ascertain if effect of IPI differs for those with and without gestational diabetes in the first pregnancy (Appendix Table 3 ).
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Results
At study entry, defined as mothers' first birth occurring during the study period, the majority of women were generally free from chronic hypertension, diabetes and obesity. There were 1716 (1.6%) mothers who had a diagnosis of gestational diabetes at study entry (Table 1) . For all births included in the cohort, the incidence of gestational diabetes during the study period was 4% ( Table 2 ). There were 16,548 (6%) births which occurred after an IPI of 0e5 months, 45,076 (18%) after 6e11 months, 50,528 (20%) after 12e17 months; 37,352 (15%), after 18e23 months; 78,909 (31%) after IPI of 24e59 months, 21,780 (9%) births after 60e119 months and 3944 (1.6%) of births after 120 or more months. Gestational diabetes diagnoses were more common among mothers in the older age groups, and in mothers with longer IPIs (Table 2) . Moreover, mothers with shorter IPIs tended to be younger and non-Caucasian. Observation of longer IPIs was more prevalent late in the study period (1995 onwards) Appendix Table 1 .
Compared to an IPI of 18e23 months, unmatched adjusted analysis showed lower odds of gestational diabetes for 6e11-month intervals (adjusted odds ratio (aOR), 0.89; 95% CI, 0.82e0.97) and 12e17-month intervals (aOR: 0.92; 95% CI, 0.85e0.99) ( Table 3 ). However, IPI of 24 months or more was associated with greater odds of gestational diabetes. The greatest adjusted effect was observed for IPIs of 120 or more months (aOR: 1.51; 95% CI, 1.33e1.70).
Conditional logistic regression restricts analyses to births from informative (non-concordant) strata (mothers), which in this study were mothers who experienced gestational diabetes for at least one, but not all of their births. There were 18,873 births to mothers with non-concordant gestational diabetes. The unadjusted withinmother matched comparison indicated that an IPI of 24 months or longer was associated with greater odds of gestational diabetes compared to an interval of 18e23 months, with OR ranging from 1.40 (95% CI, 1.26e1.55) for 24e59 months interval, to 3.65 (95% CI, 2.95e4.52) for IPI of 120 or more months. After full adjustment for covariates including, maternal age at time of each delivery and birth year, matched analyses showed a statistically non-significant lower odd of gestational diabetes for short IPIs as compared to Table 2 restricted to mothers with their first three consecutive births [Model 2a], and a cohort that only included live births [Model 2b] were consistent with the effect estimates obtained from our main analyses. However, statistically significant lower odds of gestational diabetes were observed for shorter IPIs of 0e5 months and 12e17 months in the model that excluded stillbirths [Model 2b]. Additionally, we observed a negligible difference in the association between IPI and gestational diabetes when we restricted our cohort to births from September 1997 onwards, for which more information was available for adjustment, although this induced a 65% reduction in sample size [Model 2c]. We observed a little difference in the effect estimates with and without exclusion of mothers with gestational diabetes in their first pregnancy Appendix Table 3 . In general, our sensitivity analyses collectively supported a weak adverse association of long IPIs and gestational diabetes, similar to those reported in the main analyses.
The adjusted model from the supplementary analyses indicated that the short post-birth IPI of 6 months or less was statistically significantly associated with gestational diabetes in the previous pregnancy (aOR: 1.25; 95% CI, 1.03e1.52). However, the long postbirth IPIs of 24 or more months were not associated with gestational diabetes in this model with aOR of 1.04 (95% CI, 0.91e1.18) for post-birth IPI of 24e59 months and 1.18 (95% CI, 0.78e1.79) for 120 or more months (Appendix Table 4 ).
Discussion
Principal findings
Both the between-mother adjusted model and within-mother unadjusted model indicate that IPIs of 24 months or longer were associated with greater odds of gestational diabetes compared to an interval of 18e23 months. In contrast, pregnancies that followed IPIs shorter than 18e23 months had lower odds of gestational diabetes. However, the fully adjusted within-mother matched analyses showed no statistically significant association between short and long IPIs and gestational diabetes.
Meaning of the findings
Point estimates from within-mother analyses were lower than those from between-mother analyses; and estimates from the within-mother analyses were attenuated after full adjustment for covariates, indicating that the influence of IPI could be partially explained by the pathway through time-varying confounders, most notably maternal age. Longer IPIs are inherently linked to increasing maternal age, which is a well-established risk factor for gestational diabetes [2, 27] . Contrary to the findings of previous between-mother comparisons [13, 14] , which showed that short IPIs were statistically significantly associated with increased risk of gestational diabetes, our results did not support the existence of an adverse association between short IPIs and gestational diabetes. This finding is consistent with previous unmatched cohort studies [6, 28] as well as recent case-control study [29] . However, our findings for long IPIs are consistent with findings of other studies [12, 14, 29] .
The associations observed in the unmatched between-mother comparisons were attenuated in the within-mother matched comparisons. This suggests that the observed effects of short and long IPIs in the unmatched between-mother comparison and previous similar unmatched studies likely were influenced by factors that remain stable for mothers throughout their pregnancies (e.g., persistent lifestyle factors, SES) but vary much more between women. Our long IPI findings are consistent with those from a recent matched study of a Canadian cohort [14] , which reported that matched analyses resulted in statistically non-significant associations between long IPIs and gestational diabetes. However, our findings differ for short IPIs, as the Canadian study reported greater odds of gestational diabetes for short IPIs lower than 6 months. The observed differences may be due to unmeasured confounding that could arise from the lack of adjustment for known risk factors (SES, parity) or differences in susceptibility of the study populations to IPI in the Canadian study [14] . Future research would benefit from exploring the role of pregnancy complications at mothers first birth, as it remains possible that the effect of IPI might be modified by gestational diabetes in first birth. In our cohort, there were 3906 total pregnancies among mothers who had gestational diabetes during their first pregnancy, and 1525 (39%) pregnancies were complicated by recurrent gestational diabetes.
Our supplementary analyses using post-birth IPI established the presence of confounding of the association between IPI and gestational diabetes by factors that vary between women (Appendix Table 4 ). Specifically, short post-birth IPIs (<6 months) Table 3 Odds Ratios (ORs) and 95% confidence intervals for the association between interpregnancy interval and gestational diabetes for births to mothers with at least three consecutive births during the study period ( were associated with increased odds of gestational diabetes in the previous pregnancy. Intuitively, a pregnancy complication cannot be caused by an exposure that occurs after that complication. This result provides justification for the within-mother design because it demonstrates confounding at the mother-level [19, 25] . The lack of association between long post-birth IPI and gestational diabetes might indicate that such confounding is less of a concern for longer intervals.
Strengths and limitations
We sourced our cohort from highly reliable population-based perinatal information ascertained from hospital separations and midwives' notifications. To our knowledge this is the largest population-based study to examine the association between IPIs and gestational diabetes among mothers with at least three consecutive births (two intervals) using within-mother comparison (matching pregnancies of the same mother). The within-mother matched design provides estimates based on a cohort of mothers who have experienced pregnancies with and without the complication of interest (gestational diabetes). The premise of this design is that it accounts to a larger extent for environmental and genetic confounders that can vary between mothers.
There were some limitations to our study. Firstly, we restricted our analyses to the outcomes of more than two births for each mother to enable matching of at least two IPIs. Thus, although our design achieves greater interval validity, there remains the possibility of selection-bias. Secondly, we attempted to control timevarying confounders but were unable to measure some variables that may have significance (e.g., pre-pregnancy weight change). However, matched analyses were statistically non-significant and adjustment for such variables would have likely attenuated effect estimates further, and our conclusions would have remained unchanged. Thirdly, it should be acknowledged that chronic conditions were not routinely collected until 1997 and without good capture until 2000. However, our sensitivity analyses suggested that the effect estimates were consistent between the main analyses, and births restricted to 1997 onwards with complete information. Finally, as with all retrospective cohort studies that use comprehensive perinatal records, we were unable to identify pregnancy loss before 20 weeks of gestation. However, gestational diabetes usually occurs later in pregnancy and if any bias is introduced by truncation of pregnancies after 20 weeks of gestation, this is likely to be limited to survivor bias. Even though, information on pregnancy loss may be relevant to consider, findings from a recent study reported insufficient evidence for differences in pregnancy losses by IPI [30] .
In conclusion, there was insufficient statistical evidence for a harmful association between short IPI (<6 months) and gestational diabetes in our cohort. Our findings do not support the hypothesis that short IPI (<6 months) increases risk of gestational diabetes and suggests that observed associations in previous studies were possibly attributable to residual confounding.
Appendix
Appendix Table 1 Characteristics of the study population of all births to mothers with at least three consecutive births during the study period (n ¼ 254,137 births) in Western Australia, 1980e2015
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